Big data have also become a big challenge for cartographers, as the majority of big data may be localized. The use of visual analytics tools, as well as comprising interactive maps, stimulates inter-disciplinary actors to explore new ideas and decision-making methods. This paper deals with the evaluation of three map-based visual analytics tools by means of the eye-tracking method. The conceptual part of the paper begins with an analysis of the state-of-the-art and ends with the design of proof-of-concept experiments. The verification part consists of the design, composition, and realization of the conducted eye-tracking experiment, in which three map-based visual analytics tools were tested in terms of user-friendliness. A set of recommendations on GUI (graphical user interface) design and interactive functionality for map makers is formulated on the basis of the discovered errors and shortcomings in the assessed stimuli. The results of the verification were used as inputs for improving the three tested map-based visual analytics tools and might serve as a best practice for map-based visual analytics tools in general, as well as for improving the policy making cycle as elaborated by the European project PoliVisu (Policy Development based on Advanced Geospatial Data Analytics and Visualization).
Introduction
The flood of data, the speed of (near) real-time updates, very complex relations between any piece of information, high bias, and less time for decision making have become common features of today's world. Cartography, geographic information systems, and web-based applications address such issues in many ways, visual analytics being one such application [1] [2] [3] .
Within a few years, visual analytics has gone beyond the state-of-the-art through the utilization of geographic information gained from (big) data. Such an approach stimulates innovative thinking about complex challenges [4] . Visual analytics techniques and tools are used to synthesize information and derive insights from big and dynamic data, detect the expected and discover the unexpected, and provide understandable assessments and communicate them effectively [5] . A strong focus is on presenting the spatial-temporal aspect of the data in an "interactive" and "connected" way. Interactivity means that the user can interact through the GUI (graphical user interface) and the system will respond in (near) real-time. Connectivity is realized by integrated, linked, and synchronized graphs, (heat) maps, tables, or 3D views. The use of interactive maps, heat maps, and charts to understand user 2 of 22 behavior (e.g., shifts in traffic flows/volume due to changing events) enables inter-disciplinary actors to explore new ideas together in a holistic, comprehensive, systematic, analytical, and visual manner before deploying costly solutions.
Using interactive visual analytics tools, the analysis of problems can have greater depth as many layers of data relating to the physical and social world can be considered together. With big data tools, impacts can be explored across a whole region, rather than just one or two small localities. Instead of providing spreadsheets of uninspiring figures to illustrate the impact of, for example, urban transportation (e.g., https://movement.uber.com/explore/paris), road routing decisions in general [6] , or different types of hazards [7] , visualizations provide one version of the truth for all to use.
The visual analytics tools presented in this paper are the results of several European research and innovation projects. Their development between November 2017 and October 2020 is being funded from the European Horizon 2020 project titled PoliVisu (Policy Development based on Advanced Geospatial Data Analytics and Visualization; https://www.polivisu.eu/). PoliVisu develops the traditional public policy making cycle (outlined by Patton and Sawicki [8] ) using big data and visual analytics tools. The aim is to provide an open set of digital tools to leverage data to help public sector decision-making become more democratic by (a) experimenting with different policy options through impact visualization and (b) using the resulting visualizations to engage and harness the collective intelligence of policy stakeholders for collaborative solution development [9] .
User Evaluation of Tools for Visual Analysis
Visual analytics, in general, should allow users to focus their full perceptual and cognitive capabilities on analytical processes. To allow this, visual analytics tools must be user-friendly and understandable to users. It is therefore logical that these tools should be evaluated by their users. Visual analytics tools are usually assessed on the basis of their use in experimental situations that employ some kind of analysis. Only a few studies have addressed their evaluation by actual users.
The evaluation of visual analytics tools usually detects design problems in the layout of their user interface as well as in the interaction with this interface [10] . Freitas et al. [10] and Scholtz [11] define the sets of criteria for evaluating visual analytics tools, addressing both the evaluation of visual representations and interaction mechanisms. Scholz et al. [12] provide further discussion of the development of an evaluation methodology for visual analytics environments. Some authors, e.g., [13, 14] focus on the heuristic (expert) evaluation of visual analytics tools.
A special type of visual analysis is geospatial visual analytics, which deals with problems involving geographical space and the various objects, events, phenomena, and processes populating it [1, 15] . Cartographic research of geovisual analytics has stressed interest in user studies informed by psychology and related cognitive science [1, 5] . As Roth et al. [16] states, future work is needed to fully define high-level, insight-based tasks for geovisual analytics and interactive cartography.
In accordance with the above discussion, the user testing of geospatial visual analytics tools is important. Such user testing is presented, for example, by Robinson et al. [17] and Roth, Ross, and MacEachren [18] . Roth, Ross, and MacEachren [18] evaluated interactive maps for the visual analysis of criminal activities. They used both evaluation by experts (the think aloud method) and typical users (an online survey). Robinson et al. [16] evaluated the usability of geospatial visual analytics tools for epidemiology by means of various research methods (verbal protocol analysis, card-sorting, focus groups, and in-depth case study). Schnűrer, Sieber, and Çöltekin [19] compared four variants of the GUI of an interactive map by analyzing the number and distribution of mouse clicks. A number of other user studies verified the usability of web map portals (i.e., [20] [21] [22] [23] [24] [25] ).
However, web map portals themselves do not enable the visual analytical functions of geospatial data, though they may serve as base maps for visual analytics.
Because visual analytics tools are based on visual stimuli that are perceived by sight, eye-tracking is a suitable method for evaluating these tools. A review of eye-tracking applications for the evaluation of visual analytics is presented by Kurzhals et al. [26] and Krassanakis and Cybulski [27] .
Kiefer et al. [28] state that eye-tracking evaluation of interactive is challenging. Other papers, for example, Çöltekin et al. [29] and Çöltekin, Fabrikant, and Lacayo [30] describe application of eye-tracking to compare two variants of GUI for an interactive map. Golebiowska, Opach, and Rød [31] tested web-based analytical tool consisting of choropleth map, table, and parallel coordinates plot. Eye-tracking was also used to evaluate the geoportal MyFireWatch, which is based on an interactive map displaying the distribution of bushfires in Australia [32] or for evaluation of weather forecast maps [33] .
The presented paper focuses on the user evaluation of interactive maps based on WebGLayer and HSLayers NG technology. The eye-tracking method was chosen for evaluation because it allows users to study the visual perception of users in combination with direct observation, which allows user interaction with interactive maps to be evaluated.
Description of the Investigated Tools
Visual analytics of spatiotemporal changes can bring new insights into the consequences of human decisions in many areas. We may identify several application domains, starting from smart mobility policy [6, 34, 35] , through the monitoring of machinery and sensor data in agriculture [36, 37] , the monitoring of population movement and distribution [38, 39] , and noise mapping [40] , to spatiotemporal visualizations of crime scenes [41, 42] . The main focus of visual analytics is, therefore, placed on interactivity through utilizing the concept of multiple coordinated views [43, 44] and dynamic queries to emphasize the impact of changes in various phenomena.
The WebGLayer is a tool that was used during experiments (Chicago Map, Flanders Map) on the user evaluation of visual analytics in this paper. The WebGLayer is a JavaScript, WebGL (web graphic library)-based open source library for coordinated multiple view visualizations [45] . It is an open-source software released under the BSD (Berkley software distribution) license. The library is based on WebGL and uses the device's GPU for the fast rendering and filtering of data. It can render data on a map provided by third party libraries (e.g., OpenLayers, Leaflet, GoogleMap API). The library is focused on spatial data and large datasets-so far, up to tens of millions of data records. It was developed and supported by the EU CIP (Competitiveness and Innovation Framework Programme) project OpenTransportNet for traffic flows and traffic accidents [5] and was later expanded and enhanced within the European Horizon 2020 PoliVisu project to facilitate a wider range of visualizations that meet cities' needs when working with smart mobility policy in the era of big data.
The WebGLayer allows the development of interactive heatmap visualizations of large datasets (see a comparison of its performance to other contemporary used solutions in [45] ) by implementing multiple linked views to present data. Each of the views enables different interactions (such as brushing, filtering, or relationship analysis) that trigger an instant update of the other views. Thus, users benefit from immediate and dynamic data visualizations, gain a better understanding of data by applying filters, and develop the opportunity to discover relationships and patterns in the data.
HSLayers NG is a JavaScript-based framework used during the user evaluation of visual analytics experiments (Pilsen Map). The library extends OpenLayers 4 functionality. It uses modern JS frameworks instead of ExtJS 3 at the frontend. HSLayers is built in a modular way, which enables the modules to be freely attached and removed as far as the dependencies for each of them are satisfied. The core of framework is developed using AngularJS, requireJS, and Bootstrap. The library is distributed under MIT license. The library was customized and a tailored application showing spatiotemporal changes of traffic volumes was created.
The three following cases' usage (two of WebGLayer, one of HSLayers NG) are evaluated and described in this paper:
WebGLayer-based Chicago Map-crimes in Chicago (United States of America). The use case visualizes the reported incidents of crime that occurred in the city of Chicago, the United States of America, between 1 January 2017 and 31 December 2017. In total, 63,216 crimes were reported in this period and published in the form of an application that is available at the URL: http://innoconnect.net/demo/chicago-criminality/.
HSLayers NG-based Pilsen Map-traffic intensity monitoring in Pilsen (Czech Republic). The use case visualizes historical, present, and estimated future traffic flows. The historical data in 2017 and 2018 comprise 500 million records (150 GB of data), while another million records (1 GB) from online detectors are generated each day. The developed application is available at the URL: https://intenzitadopravy.plzen.eu. The new traffic intensity application is in its prototype phase. Once finished, it will be migrated to the mentioned address.
WebGLayer-based Flanders Map-traffic accidents in Flanders (Belgium). The use case visualizes 63,532 traffic accidents that happened in Flanders in recent years. These represent approximately 85% of all accidents that involved injury or death registered by the police. The data were provided by the Federal Police and processed in collaboration with Informatie Vlaanderen. The developed application is available at the URL: http://innoconnect.net/apps/flanders-traffic-accidents/.
Research Aims
The main goal of this study was to evaluate user aspects with respect to three selected web maps using the eye-tracking and observation methods, especially with regard to user accessibility. This main goal was realized by fulfilling these sub-goals:
•
To test the user accessibility of the selected maps; •
To find problems and shortcomings in the evaluated web maps; •
To formulate recommendations for map authors based on these findings.
Methods
The aim of the study was to comprehensively evaluate the user accessibility of three newly designed PoliVisu maps, to detect possible usability problems, and to obtain feedback from users. This chapter is divided into individual subchapters that describe the process of creating an experiment and its subsequent implementation.
The whole experiment took place in an eye-tracking laboratory at the Department of Geoinformatics at Palacký University in Olomouc.
Design of the Experiment
The experiment was created in the SMI Experiment Center application and was divided into two parts-static and dynamic. Figure 1 attempts to elucidate the experiment design. 
Static Part
The static part of the experiment contained six screenshots-two of each evaluated map. Every stimulus was presented for 10 seconds and participants looked at them freely-they did not need to complete any task. The purpose of this part was to analyze which parts of the interface attract attention. Stimulus in the form of a fixation cross was displayed for 600 ms before each screenshot. The purpose of the fixation cross was to unify the location where eye-movement trajectories would start (center of the stimulus). Stimuli from the static part of the experiment are displayed in Figure 2 . Stimuli were selected to show the interface of the web map with some filtering. The web maps used do not include much possibilities how to change the layout. The only exception is Pilsen map, where "Timeline of constructions" was displayed in one stimulus and Flanders map, where parallel coordinates feature was displayed. The presentation of the static part took one minute. 
Dynamic Part
The dynamic part of the experiment was designed to test the user accessibility of all three maps. The experiment contained four tasks for each map (12 tasks in total). The last task of the experiment (connected to the Flanders map) was supplemented by a verbal interpretation of one of the map's features (parallel coordinates plot). Participants had to express the functionality of this plot. The maps and tasks were presented in a fixed order. The work with these tasks tested how a user was able to adapt to a new map interface and work with it effectively. The tasks were selected with close cooperation with authors of web maps, so the features that authors considered as important or problematic were chosen for the tasks. One of the main benefits of web maps was the possibility of data filtering, so the majority of the tasks were focused on this functionality. The tasks were in line with the task taxonomy from Edsall et al. [46] . Participants have been directly or indirectly assigned to use zooming, panning, accessing exact data, focusing, altering representation type, altering symbolization, posing queries, toggling visibility, conditioning, brushing, and linking. The tasks were designed so that the total length of this part did not exceed 10 minutes. Since the participants were Czech, the tasks were presented in the Czech language. Their translation into English is here: Tasks for "Chicago Map": • Change the color of the heatmap.
•
Display on the map all the crimes which happened on Saturday from 17:00 to midnight.
Find out how many of these crimes were (say aloud). 
Dynamic Part
The dynamic part of the experiment was designed to test the user accessibility of all three maps. The experiment contained four tasks for each map (12 tasks in total). The last task of the experiment (connected to the Flanders map) was supplemented by a verbal interpretation of one of the map's features (parallel coordinates plot). Participants had to express the functionality of this plot. The maps and tasks were presented in a fixed order. The work with these tasks tested how a user was able to adapt to a new map interface and work with it effectively. The tasks were selected with close cooperation with authors of web maps, so the features that authors considered as important or problematic were chosen for the tasks. One of the main benefits of web maps was the possibility of data filtering, so the majority of the tasks were focused on this functionality. The tasks were in line with the task taxonomy from Edsall et al. [46] . Participants have been directly or indirectly assigned to use zooming, panning, accessing exact data, focusing, altering representation type, altering symbolization, posing queries, toggling visibility, conditioning, brushing, and linking. The tasks were designed so that the total length of this part did not exceed 10 minutes. Since the participants were Czech, the tasks were presented in the Czech language. Their translation into English is here:
Tasks for "Chicago Map":
• Change the color of the heatmap.
•
• Find out how many of these crimes were (say aloud).
Mark any area on the map using the "Polygon" tool.
Tasks for "Pilsen Map":
• Change map type to "Basic OSM". • Display the legend of the map.
Find out information about the road closure in the center of Pilsen at 17:00 on 31 October 2018.
Display the "Timeline of constructions" and find out when the Šumavská Bus Terminal will be closed (say aloud).
Tasks for "Flanders Map":
• Switch map layer to accidents. • View all traffic accidents that occurred during rain ("regenval").
Estimate how many of these accidents happened within a speed of 40-50 km per hour (say aloud).
Verbally interpret the parallel coordinates plot.
Experiment Description
Testing was conducted in October 2018. The experiment was created in SMI Experiment Center and SMI RED 250. Images were used as stimuli in the static part of the experiment. In the dynamic part, the screen recording type of stimuli was used to analyze interactive web maps. Google Chrome was used as the browser.
Calibration was required before the actual eye-movement measurements. An error below 1.5 • was considered acceptable. Average calibration error was 0.55 • and the distance between the participant and the monitor was approximately 60 cm. A chin rest was not used in the study. We checked the accuracy visually on the other monitor during whole recording, and the re-calibration procedure was not needed. After calibration, participants were familiarized with the experiment and some personal information was gathered (name, age, gender, and experience with web maps).
Next, the static part began. For each map, two screenshots were presented in a fixed order: Chicago, Pilsen, and Flanders. Immediately after the end of the static part, the dynamic part was presented using the same maps in the same order. In the case of the dynamic part, the task was presented before the stimuli. Participants had unlimited time to assimilate the task and commit it to memory. They were also allowed unlimited time to complete the task. Participants could also skip any tasks that they were unable to complete. The whole experiment took an average of 11 minutes. This short length of the experiment helped to retain the attention of respondents and the re-calibration was not necessary. During the experiment, the movements of the participant's eyes, the participant's screen display, and the participant's behavior and speech were recorded.
Participants
A total of 17 participants participated in the experiment. The participants were students and employees of the Department of Geoinformatics, Palacký University Olomouc, Czech Republic. The data were analyzed qualitatively, so the number of participants needed to reveal at least 95% of web maps problems was calculated. The testing was divided into two phases. In the first, a total of 15 participants were recorded. Data for these participants were analyzed and problems that occurred during their work with the web maps were identified.
The sample size calculator for discovering problems in a user interface (https://measuringu.com/ problem_discovery/) was used for the calculation of the recommended sample size. This calculator produces an estimate of the number of users needed to discover a specified percentage of total problems. It uses the Good-Turing and normalization procedure. The calculator is based on the binomial probability formula [47, 48] . The problems identified for each participant were marked into a matrix. In this study, 16 different problems (55 in total) were identified for 15 participants. The calculator recommended a sample size of 17 participants as a requirement for identifying 95% of all problems available for discovery. For this reason, two additional participants were recorded in the second phase of the testing. Table 1 presents the list of participants, including information about their sex and experience in the field of cartography and web maps. Those with significant experience were employees or PhD students of the Department of Geoinformatics, and those with intermediate experience were bachelor-degree students. The table also contains the calibration error and tracking ratio for each participant. 
Apparatus
Eye-tracker SMI RED 250 with a sampling frequency of 250Hz was used for eye-movement recording. Stimuli were presented on a 24" monitor. The eye-tracker was located in a laboratory with stable experimental conditions (light conditions, etc.) and a specially designed table (Figure 3 ). The experiment was prepared in SMI Experiment Center and recorded data were analyzed in SMI BeGaze. For analysis of the static part of the experiment, the open-source application OGAMA [49] was used. For conversion between SMI and OGAMA, the SMI2OGAMA convertor (http://eyetracking. upol.cz/smi2ogama) was used. Fixations and saccades were identified using I-DT algorithm with settings of 80 ms and 50 px according to [49] . The issue of fixation detection is described in several studies [50] [51] [52] [53] [54] . 
Eye-tracker SMI RED 250 with a sampling frequency of 250Hz was used for eye-movement recording. Stimuli were presented on a 24″ monitor. The eye-tracker was located in a laboratory with stable experimental conditions (light conditions, etc.) and a specially designed table (Figure 3 ). The experiment was prepared in SMI Experiment Center and recorded data were analyzed in SMI BeGaze. For analysis of the static part of the experiment, the open-source application OGAMA [49] was used. For conversion between SMI and OGAMA, the SMI2OGAMA convertor (http://eyetracking.upol.cz/smi2ogama) was used. Fixations and saccades were identified using I-DT algorithm with settings of 80 ms and 50 px according to [49] . The issue of fixation detection is described in several studies [50] [51] [52] [53] [54] . 
Methods of Analysis
Recorded eye-movement data were analyzed qualitatively. The main outputs of the analysis were problems identified for the three tested web maps. These problems were based on the inspection of videos of the dynamic part of the experiment overlaid by eye-movement trajectories. This type of analysis was time consuming, since all videos had to be analyzed manually.
In contrast, the static part of the experiment was analyzed using visual analytics methods. Data were first visualized in the environment of SMI BeGaze or OGAMA and the visual analysis of these graphical outputs brought some interesting findings. The visualization methods were attention map (see Figure 4) , where the number of recorded fixations is displayed by different colors; and focus map (e.g., upper left part of Figure 5 ), where more fixations lead to a clearer view. Darker areas indicate fewer fixations. A higher number of fixations lead to a clearer view of the map. Darker areas indicate fewer fixations. Another analytical method, called key performance indicators in the SMI environment, shows some basic eye-tracking metrics for created areas of interest. Areas of interest were marked around the key parts of the interface of web maps-their title, legend, controls, or specific filters. The map field was considered as one AOI, since we were analyzing how participants work with the interface of the web map, not with the map itself. In this study, seven metrics related to AOIs were chosen. Their description according to [55] is:
•
Sequence-order of gaze hits into the AOIs based on entry time; • Entry time-average duration for the first fixation into the AOI; • Dwell time-sum of all fixations and saccades within an AOI/number of participants; • Hit ratio-how many participants looked at least once into the AOI; • Revisitors-number of participants with more than one visit in the AOI.
The last method used for visual analytics was called sequence chart, which displays the time sequence for the visited areas of interest. Respondents' eye-tracking data are represented by colored strips. The color of each strip represents each area of interest. Thus, the sequence chart shows the order of the AOIs visited, how long the respondents looked at them, and whether they looked at them repeatedly.
Results
The results of eye-tracking measurements were divided into two sections-one for the static part and one for the dynamic part. Recommendations to authors of web maps based on the findings of this study are listed at the end of the chapter.
Static Part

Chicago Map
The static part of the experiment served to reveal which part of the GUI attracted the participants when they saw the map for the first time. For this purpose, attention maps showing the distribution of the first three fixations were created ( Figure 4 ). 
Methods of Analysis
• Sequence-order of gaze hits into the AOIs based on entry time; • Entry time-average duration for the first fixation into the AOI; • Dwell time-sum of all fixations and saccades within an AOI/number of participants; • Hit ratio-how many participants looked at least once into the AOI; • Revisitors-number of participants with more than one visit in the AOI. The last method used for visual analytics was called sequence chart, which displays the time sequence for the visited areas of interest. Respondents' eye-tracking data are represented by colored strips. The color of each strip represents each area of interest. Thus, the sequence chart shows the order of the AOIs visited, how long the respondents looked at them, and whether they looked at them repeatedly.
Results
Static Part
Chicago Map
The static part of the experiment served to reveal which part of the GUI attracted the participants when they saw the map for the first time. For this purpose, attention maps showing the distribution of the first three fixations were created (Figure 4 ). A fixation cross was presented before the stimuli to unify the starting point of the eye-movement trajectory. Figure 5 shows that the first fixation for most participants was directed towards the center of the screen. The second fixation remained in the map part of the stimulus. An interesting fact is A fixation cross was presented before the stimuli to unify the starting point of the eye-movement trajectory. Figure 5 shows that the first fixation for most participants was directed towards the center of the screen. The second fixation remained in the map part of the stimulus. An interesting fact is that, for some participants, the first fixation was directed towards the upper-left corner of the stimulus, i.e., to the active filters panel. Attention did not fall on the title of the map located on the right above the interactive panel, since it was not very distinctive. that, for some participants, the first fixation was directed towards the upper-left corner of the stimulus, i.e., to the active filters panel. Attention did not fall on the title of the map located on the right above the interactive panel, since it was not very distinctive. The focus map in the upper-left corner of Figure 5 confirmed the previous findings that some participants' attention was attracted by the active filters panel in the upper-left corner of the map. The entry time into the AOI around the active filters was 3234 ms. The average entry time into the title of the map was 3029 ms. This value is lower, so, on average, participants looked at the title earlier than at the filters panel-yet, from the sequence chart at the bottom of Figure 5 , it is evident that a relatively large number of participants started their stimulus inspection with the filters panel (participants P01, P08, P09, P10, P11, P14, and P15). There were also participants who did not look at the title of the map at all (P04, P05, P16). The interactive panels on the right side were inspected relatively marginally-participants spent only around 7%-8% of the time there.
Pilsen Map
The same set of analyses was performed for the Pilsen map. Attention maps of the first three fixations in the static stimulus of the Pilsen map show that participants looked into the legend that was displayed in the stimulus ( Figure 6 ). The focus map in the upper-left corner of Figure 5 confirmed the previous findings that some participants' attention was attracted by the active filters panel in the upper-left corner of the map. The entry time into the AOI around the active filters was 3234 ms. The average entry time into the title of the map was 3029 ms. This value is lower, so, on average, participants looked at the title earlier than at the filters panel-yet, from the sequence chart at the bottom of Figure 5 , it is evident that a relatively large number of participants started their stimulus inspection with the filters panel (participants P01, P08, P09, P10, P11, P14, and P15). There were also participants who did not look at the title of the map at all (P04, P05, P16). The interactive panels on the right side were inspected relatively marginally-participants spent only around 7%-8% of the time there.
The same set of analyses was performed for the Pilsen map. Attention maps of the first three fixations in the static stimulus of the Pilsen map show that participants looked into the legend that was displayed in the stimulus ( Figure 6 ).
relatively marginally-participants spent only around 7%-8% of the time there.
The same set of analyses was performed for the Pilsen map. Attention maps of the first three fixations in the static stimulus of the Pilsen map show that participants looked into the legend that was displayed in the stimulus ( Figure 6 ). In the next part of the investigation, key performance indicators were analyzed. The most interesting finding is that the AOI with the title (marked green in Figure 7 ) was observed only sixth, i.e., as the last but one. The average entry time for this AOI was 5754 ms and it was visited by only 10 participants; thus, it might be concluded that the title was not very distinctive in the GUI and did not strongly attract the attention of the participants. In contrast, the legend AOI was observed for a relatively long time (24%) and was observed by all 17 participants. In the next part of the investigation, key performance indicators were analyzed. The most interesting finding is that the AOI with the title (marked green in Figure 7 ) was observed only sixth, i.e., as the last but one. The average entry time for this AOI was 5754 ms and it was visited by only 10 participants; thus, it might be concluded that the title was not very distinctive in the GUI and did not strongly attract the attention of the participants. In contrast, the legend AOI was observed for a relatively long time (24%) and was observed by all 17 participants. 
Flanders Map
Attention maps of the first three fixations for the Flanders map ( Figure 8) show that the early fixations of some participants were towards the title in the upper-right corner and the polygon tool in the upper-left corner. A relatively large number of participants stayed in the center of the map. Data visualization in Figure 9 shows that the polygon tool was observed earlier than the title of 
Attention maps of the first three fixations for the Flanders map ( Figure 8) show that the early fixations of some participants were towards the title in the upper-right corner and the polygon tool in the upper-left corner. A relatively large number of participants stayed in the center of the map.
Data visualization in Figure 9 shows that the polygon tool was observed earlier than the title of the map (2186 ms versus 3538 ms). The polygon tool is perhaps very distinctive and, thus, attracted the attention of the users instead of the title. The parallel coordinates plot in the bottom of the interface was observed by only one participant (P10) for a very short time. On this example, the importance of the localization of the tool within the GUI is clear. The polygon tool and parallel coordinates plot have similar importance, but they are placed in different parts of the web map and the attention of participants towards these tools differs significantly. 
Attention maps of the first three fixations for the Flanders map ( Figure 8) show that the early fixations of some participants were towards the title in the upper-right corner and the polygon tool in the upper-left corner. A relatively large number of participants stayed in the center of the map. Data visualization in Figure 9 shows that the polygon tool was observed earlier than the title of the map (2186 ms versus 3538 ms). The polygon tool is perhaps very distinctive and, thus, attracted the attention of the users instead of the title. The parallel coordinates plot in the bottom of the interface was observed by only one participant (P10) for a very short time. On this example, the importance of the localization of the tool within the GUI is clear. The polygon tool and parallel coordinates plot have similar importance, but they are placed in different parts of the web map and the attention of participants towards these tools differs significantly. 
Dynamic Part
The result of the dynamic part of the experiment was a set of videos containing a record of respondents' work with individual stimuli. The videos contained a capture of the screen overlaid with eye-movement. These videos were complemented by webcam recordings, by which the reactions of the participants and their comments were documented. A list of frequently recurring problems that users experienced in performing the given tasks was created on the basis of direct observation and the thorough inspection of the individual records. The results were divided into three parts according to the web maps used as stimuli.
Chicago Map
No problem was encountered during the completion of Task 1, so a 30-second time limit was selected as a prerequisite for the task. As shown in Table 2 , 16 out of 17 respondents completed the task successfully within this time limit. The interface for the change of the heatmap color was not problematic. Participant expected that the layer crime would have an influence on the display of results.
3
Task was not fulfilled. 1 
Dynamic Part
Chicago Map
No problem was encountered during the completion of Task 1, so a 30-second time limit was selected as a prerequisite for the task. As shown in Table 2 , 16 out of 17 respondents completed the task successfully within this time limit. The interface for the change of the heatmap color was not problematic. Task was not fulfilled. 1
3-Find out how many of these crimes there were on a specific day at a specific time.
Participant gave the total number of registered crimes. 7
Participant gave the wrong number. 5
Participant did not find the number. 4
4-Mark any area in the map using the "Polygon" tool.
Participant did not draw the polygon. 2
Participant had problems with finishing the polygon. 1
For Task 2, two main problems were identified. The participant's task was to display crimes that occurred on a specific day at a particular time. One of the respondents was unable to fulfill this task. Three participants switched the display layer from the heatmap option to crimes before choosing parameters to display specific values. This change had no impact on the displayed values at all, only on the aesthetics of the map.
Task 3 can be considered as the most problematic of the Chicago stimulus. The participants had to find out the exact number of crimes that occurred under the conditions defined in the previous task and to say it aloud. Seven of the 17 participants gave the total number of recorded crimes on the map, which was part of the map label and was invariable. Five participants reported a different number, mostly the total number of crimes committed on the given day, but not at the specified time (see Figure 10 ). Four participants found no value. For Task 2, two main problems were identified. The participant's task was to display crimes that occurred on a specific day at a particular time. One of the respondents was unable to fulfill this task. Three participants switched the display layer from the heatmap option to crimes before choosing parameters to display specific values. This change had no impact on the displayed values at all, only on the aesthetics of the map.
Task 3 can be considered as the most problematic of the Chicago stimulus. The participants had to find out the exact number of crimes that occurred under the conditions defined in the previous task and to say it aloud. Seven of the 17 participants gave the total number of recorded crimes on the map, which was part of the map label and was invariable. Five participants reported a different number, mostly the total number of crimes committed on the given day, but not at the specified time (see Figure 10 ). Four participants found no value. Two problems were found with respect to Task 4. First, two participants were unable to locate the polygon tool and, thus, could not mark any area on the map. Second, one participant was unable to complete the generated polygon when working with the tool. Table 3 shows that there were no major problems with respect to the first and fourth tasks with the Pilsen map, as all participants managed to complete the tasks successfully. Also, all but one participant managed to complete the second task, which was to display the legend. However, 11 of the 17 participants failed to complete Task 3, which was to find information about the road closure in the center of Pilsen at 17:00 on 31 October 2018. Here, the 11 participants in question clicked outside the closure, although they were sure they had clicked on it correctly. Consequently, an adjacent street was marked instead of the closure and the necessary information was not displayed. This problem Two problems were found with respect to Task 4. First, two participants were unable to locate the polygon tool and, thus, could not mark any area on the map. Second, one participant was unable to complete the generated polygon when working with the tool. Table 3 shows that there were no major problems with respect to the first and fourth tasks with the Pilsen map, as all participants managed to complete the tasks successfully. Also, all but one participant managed to complete the second task, which was to display the legend. However, 11 of the 17 participants failed to complete Task 3, which was to find information about the road closure in the center of Pilsen at 17:00 on 31 October 2018. Here, the 11 participants in question clicked outside the closure, although they were sure they had clicked on it correctly. Consequently, an adjacent street was marked instead of the closure and the necessary information was not displayed. This problem was caused by the fact that the symbol for the closure was too big and that if the user did not click exactly on its center, the street behind it was selected instead. A detail of this problem can be seen in Figure 11 . In the upper-left image, the user clicked slightly off-center on the symbol. From the zoomed image in the upper-right quadrant, it is evident that the click missed the road closure. In the images at the bottom, the user clicked on the center of the symbol and the correct information was displayed. Table 3 . Problems identified with the Pilsen map. Table 4 shows that there was no significant problem with completing task 1 for the Flanders map. As in the case of the Chicago map, a time limit of 30 seconds was selected as a prerequisite for the task. Only one participant failed to complete the task inside this limit, so it can be said that this element was in the right place. Participant tried to mark graph by means of clicking instead of dragging. 12
Pilsen Map
Flanders Map
Participant selected the correct field, but the graph did not change. 7
Participant completed the task with help ("try to drag instead of click") 2
Task was not completed. 2 Table 4 shows that there was no significant problem with completing task 1 for the Flanders map. As in the case of the Chicago map, a time limit of 30 seconds was selected as a prerequisite for the task. Only one participant failed to complete the task inside this limit, so it can be said that this element was in the right place. 2-View all traffic accidents that occurred during rain ("regenval").
Participant tried to mark graph by means of clicking instead of dragging. 12
Task was not completed. There were more mistakes in Task 2. The task was to display all road accidents that happened during rain. A serious problem with the selection of the bars in the interactive panel for this map was discovered. As with the Chicago map, bar graphs could be selected interactively. However, if a user wanted to select a bar, it was not sufficient just to click on the given bar; it was also necessary to drag over the bar with the mouse cursor. Twelve of the 17 participants had problems with bar selection. Instead of dragging the mouse, they tried to mark bars with a click. When they found out that clicking did not work, they moved their attention to another part of the map and started looking for answers elsewhere.
A further problem with bar selection was reported by seven participants. They dragged their mouse cursor over the bar, but it was not selected. To correctly select the bar, it was necessary to move the cursor across the side of the bar (see Figure 12 ). These issues with the interface are considered serious and will be fixed in the next version of the WebGLayer library in order to improve the usability of the map. There were more mistakes in Task 2. The task was to display all road accidents that happened during rain. A serious problem with the selection of the bars in the interactive panel for this map was discovered. As with the Chicago map, bar graphs could be selected interactively. However, if a user wanted to select a bar, it was not sufficient just to click on the given bar; it was also necessary to drag over the bar with the mouse cursor. Twelve of the 17 participants had problems with bar selection. Instead of dragging the mouse, they tried to mark bars with a click. When they found out that clicking did not work, they moved their attention to another part of the map and started looking for answers elsewhere.
A further problem with bar selection was reported by seven participants. They dragged their mouse cursor over the bar, but it was not selected. To correctly select the bar, it was necessary to move the cursor across the side of the bar (see Figure 12 ). These issues with the interface are considered serious and will be fixed in the next version of the WebGLayer library in order to improve the usability of the map. There was also a problem with Task 3. Participants were asked to estimate how many of the previously selected accidents occurred between 40 and 50 km/h. The information was displayed by highlighting only part of the bar (see Figure 13 ). Four respondents gave the total number of road accidents between the given speeds (not at these speeds and under rain). There was also a problem with Task 3. Participants were asked to estimate how many of the previously selected accidents occurred between 40 and 50 km/h. The information was displayed by highlighting only part of the bar (see Figure 13 ). Four respondents gave the total number of road accidents between the given speeds (not at these speeds and under rain).
shown.
There was also a problem with Task 3. Participants were asked to estimate how many of the previously selected accidents occurred between 40 and 50 km/h. The information was displayed by highlighting only part of the bar (see Figure 13 ). Four respondents gave the total number of road accidents between the given speeds (not at these speeds and under rain). The last task of the whole experiment was to verbally interpret the parallel coordinates feature. None of the participants were able to describe the functionality of this feature. Most of the participants complained about a confusing design, a small and illegible font, and poorly chosen colors The last task of the whole experiment was to verbally interpret the parallel coordinates feature. None of the participants were able to describe the functionality of this feature. Most of the participants complained about a confusing design, a small and illegible font, and poorly chosen colors that disappeared against a black background. The feature itself was not accompanied by any information panel or legend. It would be helpful to add some description or guide concerning how the parallel coordinates feature works. This issue should be fixed in the next release of the WebGLayer library.
Participant 10 was the only participant to notice the relationship between the values he selected in previous tasks and the parallel coordinates plot. Below is a transcription of his description of the tool: P10: "It's a graphical expression of what I checked here, as if I checked all the days of the week here, I see that there is a relationship between all the days in the week. Then I see here that I chose some 40 to 50 km and then I can see characteristics of accidents. Overall, everything I have checked is displayed in this map." Author: "And the colors?" P10: "Why it is green and why it is red? So, red will probably be some higher number of it."
Recommendations and Discussion
The aim of this part is to formulate recommendations for the authors of the tested maps based on the results of observation and eye-tracking testing, also for authors of such maps in general, point out problems with fulfilling the tasks, and suggest possible improvements. We also discuss the limits of the research.
Chicago Map
The results of the static part showed that the respondents' attention at the beginning of stimuli observation was not directed to the map title. The title of the map was not sufficiently distinctive or was placed in the wrong location.
The biggest problem in the dynamic part was determining the exact value of selected parameters. Seven of the 17 respondents thought one particular value was in the information panel. However, this value indicated the total number of crimes, not the number of crimes after filtering. This mistake could have arisen because of the disadvantageous position of the information on the total number of crimes or because of the unclear way in which values in the bars were supposed to be interpreted.
Another minor problem with the Chicago map was that participants switched the displayed layer from the heatmap option to crimes before the selection of the required parameters. This change had no impact on the displayed values, only on the aesthetics of the map. To overcome this problem and user-misunderstanding, it would be helpful to add a description of, or information about, these options.
Pilsen Map
In the static part of the experiment, the same problem as in the previous map appeared. Participants' attention was not initially directed to the title of the map. The title of the map was not sufficiently distinctive or was placed in the wrong location.
Only one noticeable problem appeared in the dynamic part-a bug with the selection of a particular road closure. To mark the exact road closure, the user had to zoom in and click on the symbol very precisely. Otherwise, information about traffic intensity in the adjacent street was displayed instead of information about road closures. This problem needs to be fixed in the future. Since no other user issues were reported by the participants, the map can be considered to be user friendly.
Flanders Map
The results of the static part showed that the smallest number of fixations was recorded in the area of the parallel coordinates plot, although it is a relatively significant part of the map. The name of the feature did not attract the attention of the participants.
Several problems were found in the dynamic part. The most important related to the selection of individual bars in the interactive panel. The respondent had to mark these elements by dragging the mouse, not by clicking, which was very confusing for the participants. The solution to the problem would be to use the same functionality as in the Chicago map, where this interactive panel looks almost the same but allows the selection of bars by dragging as well as by mouse click.
The second major problem of the Flanders map also related to the selection of individual bars in the interactive panel. When the participant dragged the mouse precisely over the bar, it was not selected. This problem is demonstrated in Figure 12 . It could be eliminated by using the same information panel as is in the Chicago map.
The last major issue concerned the understanding of the parallel coordinates plot, which is usually used to identify clusters based on attribute values [56, 57] . The respondent's task was to interpret this function verbally, but none of the participants were able to fulfil the task. To remedy this problem, it would be useful to place an information panel or legend to describe and explain its functionality. The problems mentioned by the participants included poorly selected colors that disappeared against a black background, a chaotic representation of the parallel coordinates feature, and a small and unreadable font.
Research Limitations
The eye-tracking experiment consisted of two parts-static and interactive. The order of the stimuli (interactive maps) was fixed, so we could not exclude some influence of the "learning effect". However, this effect was minimized by the stimuli being different and also by the different natures of the assigned tasks. We could also have included more tasks, but the average length of one measurement was, in this study, about 11 minutes. As stated for example by Popelka [53] or Popelka [54] , eye-tracking experiments should not be too long, otherwise participants lose concentration and focus.
Another possible limitation relates to the number of participants. In general, it can be assumed that a higher number of participants generates more representative results. Also, if more non-cartographers are involved in such experiments, even more problems would probably be identified. However, in the experimental testing of interactive maps using eye-tracking, the number of participants is usually similar (i.e., 20 participants in [30] ; 10 participants in [58] ; 16 participants in [32] . The eye-tracking testing itself proceeded without complications. No results from any of the participants had to be excluded, because all participants passed the calibration step successfully (nobody exceed the calibration threshold, which was 1.5 • of the visual angle).
Data collected through observation and eye-tracking were evaluated using qualitative methods, which are sometimes subjective, and their application to different maps from different regions can be difficult. However, this qualitative approach served to identify individual problems and deficiencies in the tested interactive maps. A method that also provides quantitative data and can be combined with the approaches described in this paper is user logging. The combination of eye-tracking and user logging for the evaluation of interactive maps has been described by Manson et al. [58] and Ooms et al. [21] . Herman, Popelka, and Hejlová [59] analyzed user strategies when working with interactive 3D maps. In these studies, user logging was used to compare user strategies rather than to identify map control errors.
This study can serve as a guide and inspiration for similar studies on interactive map assessment, but above all, it provides recommendations for authors of interactive maps for visual analytics.
Conclusions
The main goal of this paper was to evaluate from the user and user accessibility points of view three newly designed interactive analytical applications developed in the PoliVisu project to visualize processed big data. Eye-tracking was the primary method for such evaluation, accompanied by other methods of qualitative research, such as observation and interview. Three interactive analytical applications were chosen as the stimuli for verification based on the provided state-of-the-art analysis. The applications were different in domain, beginning with crimes in Chicago, through traffic flow monitoring in Pilsen, to traffic accidents in Flanders. The verification part of the conducted research comprised an eye-tracking experiment that was successfully designed, assembled, and executed. At the end, all three interactive maps were evaluated. Realistic interactive tasks (spatio-temporal filtering, etc.) were used in this part of user testing. The resulting data were subsequently analyzed and processed. On the basis of the measurements, errors and shortcomings were found, and these were encountered by respondents when working with the web maps. The chosen qualitative approach allowed us to analyze these results in depth and they will be used both for improving the evaluated interactive maps and the WebGLayer and HSLayers NG libraries, and also for further development of interactive maps for the visual analysis of (big) data in general.
The main findings for the developed applications as well as for map-based interactive analytical applications dealing with (big) data in general are:
1.
Important features (title, legend) should be placed within the GUI on the left side.
2.
If a user creates a selection based on a selected time range or another attribute value, the value of this selection should be highlighted. The value of the selection should be displayed in the maximum available data views, and the value should be given in a sufficiently large, distinctive font and in a contrasting color.
3.
All the point symbols in the map should be interactive ("clickable").
4.
When selecting values in bar charts or histograms, both mouse-drag and mouse-click should be supported.
5.
The parallel coordinates plot should be designed and implemented carefully. It is advisable to create tooltips or a help function for it. The parallel coordinates plot serves to identify clusters based on attribute values, so it is advisable to color these groups within the implicit visualization.
Findings 3 and 4 are related to a particular technology (HSLayers NG, WebGLayer), while findings 1, 2, and 5 are relevant to all interactive maps for the visual analytics of (big) data. All these findings were presented to the WebGLayers and HSLayers NG libraries developers. The libraries will be updated by incorporating the findings described in this paper. These libraries are being used in other projects, such as the Data-Driven Bioeconomy (DataBio) or Sino-EU Soil Observatory for Intelligent Land Use Management (SIEUSOIL)-for example, in precision agriculture, and in environmental and smart city domains.
We have also identified the following points for further research.
• It would be beneficial to use also quantitative analyses-statistical evaluation of eye-tracking metrics like dwell time, number of fixations, or scanpath length. Quantitative measures will be helpful when two or more variants of the maps are developed, and the experiment will serve to find out which of them is the most usable. In that case, the experiment will need to be designed differently. The learning effect will be significant, so a higher number of participants divided into two (or more) groups will be necessary.
•
It would be beneficial to intensify the mixed design of research experiments, which combines the advantages of quantitative and qualitative methods. Specifically, it is advisable to combine eye-tracking and observation with other research methods such as user logging (providing quantitative data about user interaction), interview, or think aloud (providing a better insight into user thinking or reasons for making errors when working with interactive maps).
Investigation of user strategies during the work with the interactive environment might be investigated. The freely available tool Scangraph [60] is suitable for this purpose. Scangraph serves to identify similar user strategies. Another related sub-topic is the identification of differences between expert users and laypersons when working with interactive maps, which were previously identified, for example, in interactive 3D geovisualizations [34] . • Finally, interactive maps for visual analytics are very variable, from web maps [32, 36] , through 3D maps [40, 61] , to immersive virtual environments [7] , and each of these forms should be evaluated by user testing. However, because of this variability, the results of such evaluation would only be able to be transferred or compared only partially. In general, user testing should be a part of the development of any interactive map.
In general, further testing is required to better understand all user aspects of interactive maps and the factors that influence them. User evaluation of interactive maps is not usual issue (see, for example, Krassanakis and Cybulski [27] ) and it is considered challenging (Kiefer et al. [28] ).
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